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 Abstract 
 
This manuscript presents a novel approach for designing wideband omnidirectional slotted-waveguide antenna 
arrays, which is based on trapezoidal-shaped slots with two different electrical lengths, as well as a twisted distribution 
of slot groups along the array longitudinal axis. The trapezoidal section is formed by gradually increasing the slot 
length between the waveguide interior and exterior surfaces. In this way, a smoother impedance transition between 
waveguide and air is provided in order to enhance the array operating bandwidth. Additionally, we propose a twisting 
technique, responsible to improve the omnidirectional pattern, by means of reducing the gain ripple in the azimuth 
plane. Experimental results demonstrate 1.09 GHz bandwidth centered at 24 GHz (4.54% fractional bandwidth), gain 
up to 14.71 dBi over the operating bandwidth and only 2.7 dB gain variation in the azimuth plane. The proposed 
antenna array and its enabling techniques present themselves as promising solutions for mm-wave application, 
including 5G enhanced mobile broadband (eMBB) communications. 
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I. INTRODUCTION 
 
Real-time low-latency communications, video streaming and the so-called internet of things (IoT) have continually 
increased the network throughput demand [1][2], which expedites the need for an entirely new concept for wireless 
systems. The Fifth Generation of Mobile Communication (5G) is a promising solution focused on enabling users, 
objects, data and applications to be connected to an intelligent network environment [1][2]. The main and most-
probable 5G scenarios are the following ones [3]: enhanced mobile broadband (eMBB) communications; massive 
machine-type communications (mMTC); ultra-reliable low latency (URLL) applications; remote and rural areas. 
Particularly, enhanced mobile broadband applications require wide bandwidth. However, the sub-6GHz frequency 
spectrum is overload with the current wireless standards. A potential solution is migrating eMBB to the millimeter-
wave (mm-wave) frequency range, which is unexploited worldwide and allows the use of hundreds of MHz bandwidth 
[4]. On the other hand, the use of mm-waves implies new challenges, such as high propagation losses and blockage 
due to walls and obstacles [4-6]. As a result, it becomes necessary to deploy more base stations, performing as small 
range cells, picocells and femtocells. High directive antennas and antenna arrays are desired to compensate the wireless 
system high losses [2][7]. 
Multiple-input multiple-output (MIMO) techniques rely on using multiple radiating elements for increasing the 
system spectral efficiency based on different approaches [7], including spatial multiplexing (SM) and beamforming 
(BF). SM consists of simultaneously transmitting multiple data streams using different channels and spatially dislocated 
antennas, with the aim of enhancing the channel capacity and system throughput. Beamforming is the association of 
multiple resonant elements for creating a unique directive beam with or without beamsteering capacity. BF is typically 
applied to provide signal-to-noise increment. Both techniques can be used in either the transmitter or receiver side. 
Most of mm-waves antenna arrays for MIMO from the literature are based on patch antennas [7][8]. They are 
composed of planar structures and a feeding network based on multiple RF chains for enabling to manage the amplitude 
and/or phase among the array elements to achieve beamsteering and/or beamforming capacity. Their major design 
challenge is the feeding network complexity at higher frequencies. On the other hand, for achieving gain increment, 
slotted-waveguide antenna arrays (SWAA) present themselves as a promising solution and their elements simply fed 
by a unique coaxial-waveguide transition [9-12]. SWAAs consist of slots milled into waveguide walls, with the purpose 
of interrupting the current flow for enabling radio-frequency radiation. Each slot acts as an isolated antenna and, 
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consequently, a waveguide with a plurality of slots works as an antenna array.  
SWAAs provide high gain and are high-power handling, thus are typically applied to radar systems operating at 
microwaves and mm-waves [13][14]. Other applications include satellite television reception [15], land mines 
activation [16] and pressure sensors [17]. Our research group has been recently proposed novel SWAAs for 5G 
networks [18-21]. For instance, we have introduced a concept of a rectangular dual-band SWAA with sectorial coverage 
in the 28 and 38 GHz bands [18]. It was based on slots with two different electrical lengths, one for each frequency 
band. Moreover, the first optically-controlled antenna array for mm-wave from literature was reported in [19]. Finally, 
a mechanically reconfigurable SWAA operating at 27 GHz has been proposed and properly validated in [20]. 
This work is regarding a novel approach for designing wideband omnidirectional SWAAs based on trapezoidal-
shaped slots with two different electrical lengths. The manuscript is structured in four sections. Section II presents the 
new structure and its numerical results, whereas its prototype and experimental results are reported in Section III. 
Lastly, conclusions and future works are outlined in Section IV. 
II. NOVEL SWAA DESIGN 
 
The trapezoidal-shaped slots, claimed and patented in [22], are illustrated in Fig. 1. Each slot is formed by cutting a 
trapezoidal prism-shaped hole into the waveguide wall. The slanted sides of the trapezoidal prism are orientated along 
the radial direction. As a consequence, a smoother transition between the waveguide and air is created by progressively 
changing the slot radiating impedance. Such technique can be compared to tapered line transitions and biconical 
antennas, in which their resistance and reactance variations became less severe as the cone angle increases [23]. Two 
more additional variables must be taken into consideration when trapezoidal slots are used: the waveguide wall 
thickness (t); the slot outer length (lout_slot1). We have used groups of slots with two different electrical lengths for 
obtaining two resonances and expanding the array bandwidth, as demonstrated in [18], giving rise to a third additional 
variable, which is the length of each slot from the second group (lout_slot2) in our particular design.  
The novel slotted-waveguide antenna array is based on trapezoidal slots milled into a circular waveguide, as 
presented in Fig. 2. The transversal magnetic (TM01) mode had been chosen to excite the array for providing a uniform 
electric field distribution across the waveguide transverse section, giving rise to an omnidirectional pattern in the 
azimuth plane. The propagating mode has been ensured by using a K-connector (2.92 mm) with the inner conductor 
entering normally to the waveguide transverse section as presented in Fig. 2. 
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Fig. 1. Trapezoidal-shaped slots details. 
 
A standard WC44 waveguide has been used to excite the antenna array, which has been milled to a second standard 
waveguide (WC69).  We have chosen the WC44 for exciting the array due to its cutoff frequency, which is 20.6 GHz. 
In this way, we could ensure that only the desired propagating mode was used to excite the antenna array. The level of 
ripple in the omnidirectional radiation pattern (azimuthal plane) is proportional to the number of slots distributed 
around the circumference of the waveguide. The WC69 waveguide has been used as radiating structure for reducing 
the cutoff frequency. As a consequence, the reduction in the guided wavelength implies in a large number of slots 
around its circumference. Additionally, the waveguide has been filled with low loss Teflon (tgδ = 0.001) for further 
reducing the guided wavelength and minimizing loss due to power dissipation. Details on the proposed SWAA feeding 
structure, including the transition and dielectric cone heights (htransition and hcone), are illustrated in Fig. 2. These 
dimensions are very critical for the array impedance matching since they are responsible to generate a smooth transition 
between the feeder and the waveguide. Their final values have been obtained by numerical sweeps in ANSYS HFSS. 
The proposed antenna array has been designed to operate in the 24 GHz band, which has been considered a potential 
candiate for 5G networks in Brazil. The slot length (lslot) was set to one half of the guided wavelength (λg) [23], by 
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considering the WC69 cutoff frequency (fc = 9.07 GHz) for TM01 mode and Teflon permittivity (εr = 2.1). However, 
other propagating modes may be guided into the antenna array structure and slots themselves, including TM11, TM21, 
TM02 and TM31, due to their cutoff frequencies, which are 14.45, 19.36, 20.81 and 24.05 GHz, respectively. This feature 
might cause phase disturbance inside the waveguide and, consequently, may degrade the array overall radiation pattern 
performance. One can overcome such an issue by properly managing the slot spacing (dslot) and optimizing its height 
(hslot) in order to obtain the correct phase distribution among the slots for ensuring a uniformly distributed electric field 
across the waveguide transverse section, as desired. In other words, the antenna array design will differ from that 
presented in [10-12], since the distance between consecutive slots is not exactly one-half of the guided wavelength. 
This parameter was obtained by parametric analysis as a function of gain and side lobe level (SLL). 
 
Fig. 2. Novel SWAA design based on trapezoidal-shaped slots with two different electrical lengths. 
 
As a resonant antenna array, the distance between the waveguide end wall and last slot center was designed as a 
quarter of the guided wavelength. Basically, the parameter wgend has been calculated to ensure an electric field null at 
the waveguide end wall, with the aim of constructively reflecting the non-radiated energy. One can mathematically 
calculate wgend as 0.25(2p+1)λg - 0.5hslot, where p is an integer number [23]. The antenna array final dimensions were: 
lslot1 = 4.4 mm; dslot = 7.15 mm; hslot = 3.5 mm;   endwg = 4.02 mm; htransition = 15 mm; hcone = 8.77 mm.  
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Conventional SWAAs are typically narrowband [9][23][24]. Fig. 3 presents a frequency response comparison among 
two conventional SWAAs and one based on trapezoidal-shaped slots, as a function of their main design parameters, 
namely: the waveguide wall thickness and length of slots 1 and 2. The waveguide thickness has been increased from 
1.1 to 3.5 mm for allowing the trapezoidal-shaped slot approach implementation. The conventional SWAA (lout_slot = 
4.4 mm, lout_slot2 = 4.9 mm and t = 1.1 mm) yields a 350 MHz bandwidth, which corresponds 1.48% fractional bandwidth 
at 24 GHz for reflection coefficient lower or equal to –10 dB. When its wall thickness is set to 3.5 mm, the bandwidth 
is reduced to 70 MHz (0.29%). On the other hand, by replacing the rectangular slots with trapezoidal-shaped ones, one 
can increment the bandwidth in 71%, giving rise to 600 MHz bandwidth (2.55%). 
 
 
Fig. 3. Reflection coefficient comparison: dashed-red and solid-black lines are conventional SWAAs with 1-mm and 
3.5-mm waveguides thickness, respectively; dotted-blue line is a SWAA based on trapezoidal-shaped slots with 
waveguide thickness equal to 3.5 mm. 
Fig. 4 reports the influence and demonstrates effectiveness of applying trapezoidal-shaped slots for enhancing the 
SWAA bandwidth. The Smith Charts obtained for the novel technique are much closer to chart center over the entire 
analyzed frequency range (from 23.0 to 24.5 GHz) than that of the conventional SWAA, which is based on rectangular 
slots. For instance, the input impedance of the rectangular (solid black curve) and trapezoidal-shaped (dotted blue 
curve) slots at 23.7 GHz are Z = 19.98 + i17.83 Ω and Z = 60.50+i4.1 Ω, respectively. Therefore, a clear and significant 
improvement in both real and imaginary parts of the input impedance is observed. 
lout_slot = 4.40 mm | lout_slot2 = 4.90 mm | t = 1.1 mm
lout_slot = 4.40 mm | lout_slot2 = 4.90 mm | t = 3.5 mm
lout_slot = 6.50 mm | lout_slot2 = 8.05 mm | t = 3.5 mm
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Fig. 4. Smith Chart analysis from 23.2 to 24 GHz to demonstrate the effectiveness of the trapezoidal-shaped slots. 
 
The next step in the antenna development was focused on improving the omnidirectional radiation pattern, by 
applying a technique based on a twisted distribution of slot groups along the array longitudinal axis, as we have very 
recently proposed in [21]. Specifically, an angular displacement (α) has been introduced between consecutive rings of 
slots, as defined in Fig. 5a. The twisting effect significantly reduces the gain ripple in the azimuth plane, as proved in 
Fig. 5b, without interfering in the input impedance matching. The gain variation in the azimuth plane ranges from 40 
to 1.7 dB, as α is varied from 0º to 22.5º, which results in a more uniform omnidirectional coverage. Table I presents 
the twisted SWAA final dimensions. 
 
 
(a) Angle displacement definition. (b) Radiation pattern in the azimuth plane at 23.7 GHz 
for distinct values of α. 
Fig. 5. Twisting technique for enhancing the omnidirectional coverage. 
lout_slot = 4.40 mm | lout_slot2 = 4.90 mm | t = 1.1 mm
lout_slot = 4.40 mm | lout_slot2 = 4.90 mm | t = 3.5 mm
lout_slot = 6.50 mm | lout_slot2 = 8.05 mm | t = 3.5 mm
Z(23.7GHz) = 19.98 + i17.83 Ω
Z(23.7GHz) = 57.07 + i23.55 Ω
Z(23.7GHz) = 60.50 + i4.1 Ω
Level i
α
Level i+1
Transverse section
α = 0º
α = 5º
α = 22.5º
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Table I – Twisted SWAA final dimensions. 
Variable Value 
lslot1 4.4 mm 
lslot2 4.9 mm 
lout_slot1 6.5 mm 
lout_slot2 8.05 mm 
dslot 7.15 mm 
hslot 3.5 mm 
wgend 4.02 mm 
htransition 15 mm 
hcone 8.77 mm 
α 22.5º 
III. EXPERIMENTAL RESULTS  
 
This section is concerning the experimental results of the novel slotted-waveguide antenna array prototype (Fig. 6) 
based on trapezoidal-shaped slots with two different lengths and distributed in a twisted way along its longitudinal 
axis. Initially, a comparison between the reflection coefficient numerical and experimental results has been realized, as 
reported in Fig. 7. The measured -10 dB reflection coefficient bandwidth was 1.09 GHz centered at 24.15 GHz, which 
corresponds to a fractional bandwidth of 4.52% and results in an enhancement of three times when compared to the 
conventional SWAA. One can observe an acceptable agreement between simulation and experiment up to 23.8 GHz; 
above this frequency, there are some differences most notably at the upper cut-off frequency, implying in a wider 
measured bandwidth. This discrepancy might be explained by imprecisions in the manufacturing process, which were 
not considered in the numerical simulations. 
 
 
Fig. 6.  Novel SWAA prototype. 
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Fig. 7. Reflection coefficient of the novel SWAA. 
 
The SWAA radiation pattern has been measured in steps of 1º, by using an analog signal generator, a 25dBi-gain 
horn antenna as a reference and a spectrum analyzer. We have conducted the measurements at 23.6, 24.15 and 
24.7 GHz, which represent the lower, central and higher frequencies of the array bandwidth, respectively. Table II 
summarizes the obtained results of the array main electromagnetic properties. Over the entire operating bandwidth, the 
proposed SWAA provides omnidirectional coverage in the azimuth plane with a measured gain from 12.49 to 14.71 
dBi. Furthermore, its gain ripple has been kept below 3 dB for the entire bandwidth.  
Table II – Summary of the novel SWAA experimental results. 
Frequency (GHz) 23.6 24.15 24.7 
ϕab (º) 360 360 360 
Gain ripple (dB) 2.5 2.7 2.7 
θab  (º) 5 5 6 
SLL (dB) -4.6 -5.18 -7.2 
Gain (dBi) 14.71 12.49 13.14 
Fig. 8 displays the SWAA radiation pattern characterization in the azimuth and elevation planes at 24.15 GHz. An 
excellent agreement between numerical simulation and measurement has been obtained for both planes. An unexpected 
gain degradation in the azimuth plane between 30º and -150º is observed, which can be explained by the wood holder 
used in the array characterization. Finally, by applying McDonald’s equation for directivity estimation of 
Simulation
Measurement
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omnidirectional antennas [23], we can compute a 13.11 dB of directivity at 24.15 GHz considering the measured 
beamwidth in the elevation plane, which means a radiation efficiency of 86%.  
 
 
(a) Azimuth. (b) Elevation 
Fig. 8. The novel SWAA radiation pattern characterization at 24.15 GHz. 
 
 
Finally, Table III presents a comparison of our approach with other state-of-the-art omnidirectional antennas 
published in literature [25-27]. Basically, our omnidirectional SWAA based on trapezoidal slots provides the following 
advantages: i) enabling omnidirectional coverage in mm-waves; ii) much higher gain compared to the printed 
omnidirectional antennas; iii) bandwidth compatible with eMBB applications in mm-waves; iv) high power handling 
due to its manufacturing technology for base stations; v) linear polarization rather than circular polarization. The 
antenna presents itself as a potential solution for future mobile systems, including some 5G femtocell indoor 
applications in the 24 GHz band. 
Table III – Comparison among multiple omnidirectional antennas. 
Reference Manufacturing technology Polarization Gain (dBi) Gain ripple (dB) 
Operational 
frequency (GHz) Bandwidth (GHz) 
[25] Printed Vertical 1.8 0.5 5.7 1.07 
[26] Printed Circular 2.4 1.5 2.45 0.245 
[27] Printed Circular 2 0.6 2.6 0.52 
Our work SWAA Vertical 12.49 2.7 24.15 1.09 
 
Twisted SWAA Simulation
Twisted SWAA Measurement
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IV. CONCLUSIONS 
 
We have successfully proposed and experimentally validated a slotted-waveguide antenna array with high-gain 
omnidirectional coverage, aimed to future indoor communication systems. The proposed antenna array is based on 
three new techniques proposed by our research group, namely: trapezoidal-shaped slots for generating a smooth 
impedance transition between waveguide inner part and air; groups of slots with distinct electrical lengths for creating 
multiple resonance frequencies; twisted distribution of slot groups along the array longitudinal axis, by means of an 
angular displacement. The joint application of the first two techniques resulted in a significant enhancement of three 
times in the array bandwidth when compared to the conventional SWAA design. Experimental results demonstrate 
1.09 GHz bandwidth centered at 24.15 GHz, which corresponds to a fractional bandwidth of 4.52%. The third 
mentioned technique is able to significantly minimize the gain ripple in the azimuth plane and provide omnidirectional 
radiation pattern with gain up to 14.71 dBi, more than ten times higher than that of a conventional dipole applied on 
indoor communication systems, which is approximately 2.15 dBi for omnidirectional coverage [23]. As a conclusion, 
the proposed twisted SWAA might be considered a viable solution for 5G eMBB communications, meeting the 3GPP-
ETSI requirements for indoor communication, which requires up to 1-GHz bandwidth in the mm-wave frequency range 
[28]. Future works regard the deployment of the proposed array antenna in a 5G testbed, in conjunction with the 
previously developed GFDM-based 5G transceiver [29]. 
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